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The research work presented here is focused on designing new synthetic
techniques for transition metal oxide nanomaterials for better control over surface
area, particle size, morphology, and catalytic activity as compared to conventional techniques. Materials synthesized via these methods were thoroughly
characterized and used in various model chemical reactions. This thesis is
delineated into three parts.
The first part describes a novel, ultrasound assisted synthesis of manganese
octahedral

molecular

sieve

(OMS-2)

nanomaterials.

Recently

with

the

advancement of nanotechnology, an extensive effort has been paid to control the
morphology, particle size, porosity, and surface area of manganese oxide
materials, since the above-mentioned properties have a significant impact on the
catalysis, adsorption, separation, energy storage, environmental applications,
and medical applications. The utilization of sound waves for the synthesis of
inorganic nanomaterials provides control over the properties mentioned above,
which is often challenging by conventional methods. The as synthesized
materials possess the highest surface area reported in the literature without

metal

doping.

OMS-2

synthesized

using

sonochemical

methods

was

characterized by X-Ray diffraction (XRD), BET specific surface area, pore
volume, scanning electron microscopy (SEM), X-Ray energy dispersive
spectroscopy (SEM/EDX), Raman spectroscopy, and thermogravimetric analysis
(TGA). The materials synthesized using ultrasound showed excellent catalytic
activity as compared to OMS-2 materials synthesized using a conventional reflux
method or as compared to commercial MnO2 catalysts
The second part presents a process for the oxidation of thiols to the
corresponding disulfides using crystalline cryptomelane type manganese oxides
(K-OMS-2) as catalysts. The objective of this work was to develop a simple,
inexpensive, environmentally benign, heterogeneous, and scalable method for
the oxidation of thiols to disulfides. Current processes employ homogeneous and
caustic catalytic routes, which create unnecessary byproducts and cause over
oxidation. The process reported was 100% selective for disulfides. The reaction
was truly catalytic and heterogeneous. By altering the solvent and catalyst
amount, complete conversion with 100% selectivity at ambient temperature was
obtained. No leaching of the catalyst was observed, and also the catalyst could
be recovered in the active form after the reaction without significant structural
changes. The simplicity of the operation and no caustic waste byproduct
generation are attractive aspects of this novel process, which potentially could be
used for large scale industrial applications.
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The third part demonstrates a facile synthesis of ceria nanoparticles using
microwaves. Cerium oxide has attracted increasing interest for applications in the
fields of optics, magnetism, catalysis, environmental science, and chemical
power sources. Hence the synthesis of ceria has gained much attention. A
credible amount of literature illustrates synthesis of ceria using hydrothermal
reactions, reflux, calcinations, spray deposition, and electrochemical processes.
As for the above conventional methods, high temperature, high pressure, and
relatively long times are required for the preparation of ceria. In contrast,
microwave-assisted synthesis techniques not only significantly reduce the
preparation time from days to minutes, but also easily screen a wide range of
experimental conditions in order to optimize and scale-up material fabrication
with low-energy consumption. Crystalline products were obtained without further
processing, and the materials showed promising catalytic activity.
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CHAPTER I. DIRECT SONOCHEMICAL SYNTHESIS OF MANGANESE OXIDE
OCTAHEDRAL MOLECULAR SIEVES (OMS-2) NANOMATERIALS
USING CO-SOLVENT SYSTEMS, THEIR CHARACTERIZATION,
AND CATALYTIC APPLICATIONS.
1.1. Introduction
Manganese oxide octahedral molecular sieves (OMS) are materials with high
porosity and various different pore structures.1,2 Among them, cryptomelane-type OMS
is a material having edge and corner shared MnO6 octahedra forming a 2 x 2 tunnel
structure as shown in Figure 1.1. The chemical composition of the cryptomelane type
OMS is KMn8O16·nH2O with the K+ cation inside the tunnel for charge balancing.1,3,4 The
framework consists of Mn with mixed valencies of +2, +3, and +4 yielding an average
oxidation state of ~3.8.3,5 The synthesis of these materials has been subjected to
extreme research due to their unique properties such as mixed valency, porosity, and
acidity. The acidity is due to the presence of both BrØnsted and Lewis sites.6,7
In addition, OMS-2 materials are cheap and environmentally benign. As such,
OMS-2 materials have found applications in separation, energy storage, gas sensing,
battery materials, and catalysis.3,5,8-12 OMS-2 has gained good attention in red-ox
catalysis due to mixed valency.13 In our lab, OMS-2 has been used in the selective
oxidation of alcohols4,7, 9H-fluorene,14 and cyclohexene,6 as well as a catalyst in
tandem quinoxaline syntheis,10,12 epoxidation of olefins,15 synthesis of 2-aminodiphenylamine,16 decomposition of methylene blue dye,13 oxidative dehydrogenation of
ethane, total oxidation of VOC (Volatile Organic Compounds),17 and photocatalytic
oxidation of 2-propanol.3
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Due to the basic and applied properties of these materials (OMS-2), many
synthetic routes such as reflux,18 and hydrothermal,4,19 methods involving conventional
or microwave heating20 and solvent-free21 have been reported. However, these
procedures call for long reaction times (hours to days) and/or high temperatures and
pressures. For example, OMS-2 materials prepared by hydrothermal methods, as
reported by Yuan et al.,19 and the reflux method,18 reported by De Guzman, took 3 days
and 24 h, respectively. Moreover, OMS-2 materials prepared by the above-mentioned
methods gave low surface areas of 40 ± 1 m2/g and 90 ± 1 m2/g, correspondingly.
Microwave radiation has significantly lowered the reaction time for the synthesis of
OMS-2. Nyutu et al., synthesized OMS-2 nano fibers1 with a relatively high surface area
of ~ 227 ± 1 m2/g in 1.5 h using a microwave-assisted reflux method. However, this
method involves a high temperature of 120°C. Huang et al., recently reported a rapid
microwave-assisted hydrothermal method to synthesize OMS-2 materials within
minutes. Nonetheless, this route still requires high temperatures above 150°C in
addition to a minimum pressure of 2 bar.20
Sonochemical synthesis of nanomaterials, primarily by Suslick et al.,22-25 has
recently been identified and developed as an avenue to many monometallic, mixed
metallic, and metal oxides, such as amorphous iron,23 iron colloidal nanoparticles,24
gold nanoparticles, gold-silver, gold-ruthenium, gold-palladium, and platinum-rhodium
bimetallic nanoparticles.26-30 The use of ultrasound in synthesis of the above-mentioned
nanomaterials has lowered reaction times and temperatures significantly. Particle size
and shape control can also be achieved using sonochemical methods.31

!
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In sonochemical synthesis, the major energy transfer mechanism is acoustic
cavitation, which is the formation, growth and implosion of bubbles inside the
liquid.22,32,33 This cavitation furnishes hot spots with extremely high temperatures
(~5000 K) and pressures (~1000 bar).22,32,33 When the bubbles collapse symmetrically,
a discharge of a shock wave occurs which creates pressures up to 60 kbar and
velocities of ~4000 m/s. On the other hand, when these bubbles collapse
asymmetrically on a crystal, generating microjets, deformities on the surface of the
crystals may be created.34 The hot spots and microjets generated during the implosion
of bubbles provide materials with high surface area and defects that have been shown
to play a crucial role in catalysis.
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FIGURE 1.1. Tunnel type crystal structure of OMS-2 with 2 x 2 edge shared MnO6
octahedra (orange) and K+ (black) in the center of the tunnel as the counter ion. Tunnels
have dimensions 4.6 Å x 4.6 Å.
In this work we report ultrasonic-assisted synthesis of manganese octahedral
molecular sieves (K-OMS-2SC) materials with a high surface area of 288 ± 1 m2/g. This
is the highest surface area for K-OMS-2 type materials prepared without doping.
Particle sizes of these K-OMS-2SC materials were also very small (1 nm) as compared
to that of the regular, refluxed K-OMS-2REF materials (11.8 nm). The morphology of the
OMS-2 was controlled by simply altering the reaction time. An urchin like morphology of
pure OMS-2 phase was obtained after 4 h of irradiation without using any structuredirecting agent. By using a co-solvent, the reaction time was reduced by 50%, and
materials with high surface area were also realized. The influence of ultrasonic
irradiation time, temperature of the reaction and amount of the co-solvent on the
!
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evolution of the OMS-2 phase were studied. Finally, selective oxidation of benzyl
alcohol to benzaldehyde was carried out using as synthesized materials as catalysts,
and their performance was compared to commercial MnO2 and K-OMS-2REF.

!
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1.2. Experimental Section
1.2.1. Materials
Potassium permanganate (KMnO4) and manganese(II) sulfate monohydrate
(MnSO4·H2O) were obtained from Sigma-Aldrich. Nitric acid 70% (HNO3) was obtained
from Alfa Aesar. The organic solvents used as additives in this research were
purchased from commercial sources and used without further purification unless
otherwise stated.
1.2.2. Catalyst Synthesis
OMS-2 nanomaterials were prepared by sonochemical methods, using the redox
reaction between Mn2+ and Mn7+ precursors in aqueous and mixed aqueous-non
aqueous solvent systems in acidic media. This procedure yields OMS-2 materials with a
very high surface area of 288 ± 1 m2/g. Typical reagents consisted of potassium
permanganate (KMnO4), manganese(II) sulfate monohydrate (MnSO4·H2O) in distilled
deionized water (DDW), and conc. nitric acid. First, 0.589 g of KMnO4 was added to
10 mL of DDW. The solution was stirred until all KMnO4 was dissolved.
Then, 0.88 g of MnSO4·H2O was added to a 50 mL round bottom flask into which
3 mL of DDW and 0.7 mL of conc. HNO3 were added, and the mixture was stirred until a
clear solution was formed. Finally, the KMnO4 solution was added drop-wise to the
MnSO4 solution under vigorous agitation. Upon completion of the addition, the resultant
mixture was immediately fitted to a reflux condenser and immersed in a Branson 3210
ultrasonic bath equipped with a heater. The mixture was then irradiated with ultrasound
for a given time at a given temperature. The temperature of the reaction mixture was

!
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controlled by circulating water in the ultrasonic bath. After irradiation, the dark brown
slurry was filtered, washed with distilled water until neutral and dried overnight at 120°C.
1.2.3. Catalyst Characterization
1.2.3.1. X-Ray Powder Diffraction Studies
The powder X-ray diffraction (XRD) studies were performed with a Rigaku
Ultima IV diffractometer using Cu Kα (λ = 0.15406 nm) radiation. Beam voltage and
beam current of 40 kV and 44 mA were used respectively. A two theta range of 5-70°
was used with a continuous scan rate of 2.0 deg/min and the phases identified using the
Joint Committee on Powder Diffraction Society (JCPDS) database. The XRD patterns of
samples were collected on a glass sample holder. Determination of the particle size of
the OMS-2 materials was done using the Debye-Scherer equation. For these
calculations, peaks from the (310), (211) and (411) planes were used. The X-ray
patterns of the catalysts were comparable to that of the standard OMS-2 materials
(Figure 1.2).
1.2.3.2. Scanning Electron Microscopy
Scanning Electron Micrographs were taken on a Zeiss DSM 982 Gemini field
emission scanning microscope with a Schottky Emitter at an accelerating voltage of
2 kV with a beam current of 1 µA (Figure 1.3). FESEM sample preparation was done by
suspending the samples in absolute ethanol and then a drop of the suspension was
dispersed on Au coated silicon chips mounted onto stainless-steel sample holders with
double-sided carbon tape. Prior to the analysis all the samples were dried under
vacuum.
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1.2.3.3. Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) studies were done with a JEOL 2010 UHR FasTEM
operating at an accelerating voltage of 200 kV, equipped with an energy dispersive

X-

ray analysis (EDS) system. The sample preparation was done by suspending the
material in 2-propanol, and then a drop of the suspension was placed onto a carboncoated copper grid and allowed to dry under infrared light.
1.2.3.4. Fourier Transformation Infra Red (FT-IR) Spectroscopy
Fourier transformation infra red (FT-IR) spectra were obtained, using a ThermoScientific Nicolet FT-IR Model 8700 (in the range 4000−400 cm-1) equipped with a
DTGS detector. The dark brown manganese oxide powders were ground with dry KBr
at a ratio of 1:100 and then pressed into self supporting pellets at about 10 000 psi. The
KBr used as the matrix in the pellet was dried at 120 °C overnight before use.
1.2.3.5. Thermo Gravimetric Analysis (TGA)
Thermal stability studies of the materials were carried out by Thermogravimetric
analysis (TGA) using a Hi-Res TA instrument Model 2950. The temperature ramp for
TGA was 20 deg/min in nitrogen atmosphere.
1.2.3.6. N2 Sorption Studies
The nitrogen sorption experiments were done using a Quantachrome Autosorb
iQ2 surface area system. Prior to the experiments all samples were degassed at 150°C
for 12 h. The Brunauer−Emmett−Teller (BET) method was used to determine the
specific surface area of samples.
!
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1.2.4. Catalytic Performance
Liquid

phase

heterogeneous

selective

oxidation

of

benzyl

alcohol

to

benzaldehyde was carried out using the as synthesized materials in order to study the
catalytic activity. In a typical reaction a three-necked 50 mL round-bottomed flask was
charged with 50 mg of OMS-2 catalyst, 1 mmol of benzyl alcohol, and 15 mL of toluene.
Then reaction mixture was stirred and refluxed in an oil-bath at 110°C, for 2 h under air.
After 2 h an aliquot was withdrawn from the reaction mixture, and the catalyst was
filtered using a syringe filter. Catalyst recyclability tests were performed by separating
and reusing the catalyst in a new reaction. For this, the reaction mixture was centrifuged
(7500 rpm for 10 minutes) and catalyst was separated. Then this used catalyst was
washed with acetone and dried at 200 °C for 12 h. Finally the spent catalyst was used in
a new batch reaction as described previously.
The quantitative analysis and identification of the reaction products was performed by
GC-MS, using a HP 5971 mass selective detector coupled to a HP 5890 Series II gas
chromatograph equipped with a thermal conductivity detector (TCD) through an HP-1
(nonpolar cross-linked methyl siloxane) column with dimensions of 12.5 m × 0.2 mm ×
0.33 µm.
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1.3. Results
1.3.1. Comparison of K-OMS-2REF and K-OMS-2SC
Cryptomelane-type OMS materials were prepared by the redox reaction between
Mn2+ and MnO4- under sonochemical conditions.1 KMnO4 solution was added drop-wise
to the acidified solution of MnSO4. The resultant light brown slurry in a round-bottomed
flask was then irradiated with ultrasonic radiation in a Branson model 3210 sonication
bath equipped with a reflux condenser. Figure 1.1 shows the tunnel type structure of the
regular OMS-2. Potassium ions, shown in gray, balance the charge of the framework by
occupying the tunnels of K-OMS-2. The edge and corner shared MnO6 group, shown in
orange octahedral, give rise to the tunnels of K-OMS-2.
Comparison of the X-ray diffraction patterns of OMS-2 synthesized by the regular
thermal reflux method (K-OMS-2RFE) reaction time(24 h) and the sonochemical method
(K-OMS-2SC) reaction time(4 h) are shown in Figure 1.2. Both patterns consist of natural
tetragonal cryptomelane with chemical composition of KMn8O16 according to JCPDS
card, 29-1020. However, the K-OMS-2SC sample shows broad and less intense peaks
as compared to K-OMS-2REF.
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Figure 1.2. Comparison of the X-ray diffraction patterns of K-OMS-2 prepared by
thermal reflux and sonochemical methods.
The morphologies of K-OMS-2REF and K-OMS-2SC materials are shown in Figure
1.3. Both materials show needle like morphology, typical of K-OMS-2 materials.
However, the particle sizes of the materials are significantly different. K-OMS-2
prepared by sonochemical method had very short fiber lengths (50-100 nm), while
OMS-2 synthesized by reflux method had long fibers (200-500 nm).
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Figure 1.3. Fibrous morphologies of (a) K-OMS-2 materials prepared by reflux method
for reaction time of 24 h and (b) sonochemical method 4 h.
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1.3.2. Structure and Stability
OMS-2 materials synthesized by both methods were further characterized using
FT-IR. Figure 1.4 shows the spectra of K-OMS-2REF and K-OMS-2SC. Both materials
show characteristic IR bands, similar to those reported in the literature.1,3,35,36 Although
the peak positions match with regular K-OMS-2 materials, peak broadening in the
region 400-800 cm-1 was observed for K-OMS-2 material synthesized using
sonochemical methods. The intensity of bands at ~1619 and 3413 cm-1 was greater in
K-OMS-2sc.

Figure 1.4. FT-IR spectra of, (a) K-OMS-2 materials prepared by sonochemical method
(K-OMS-2SC) after 4 h, and (b) thermal reflux (K-OMS-2REF) method after 24 h.
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Thermal stabilities of as synthesized OMS-2 materials were studied using TGA,
and results are shown in Figure 1.5. Three major characteristic weight losses for
K-OMS-2 materials were observed between 50-200°C, 400-600°C and 700-800°C for
the two materials. However, as compared to the materials synthesized by the reflux
method, OMS-2 nanomaterials prepared by sonochemical methods showed larger
weight losses. The weight loss was larger as the temperature increased.

(a)
(b)

Figure 1.5. TGA curves for as synthesized K-OMS-2 materials. (a) K-OMS-2REF, and (b)
K-OMS-2SC for 4 h.
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1.3.3. Surface Area and Pore Size Distribution
N2 sorption isotherms of as synthesized K-OMS-2SC and K-OMS-2REF samples
are shown in Figure 1.6. Typical Type II adsorption isotherms were observed for all
K-OMS-2 samples.1 At low P/P0, where the monolayer process occurs, K-OMS-2SC
materials showed a rapid increase in volume adsorbed, while a gradual increase was
observed for K-OMS-2REF. Brunauer-Emmet-Teller (BET) surface area measurements
are presented in Table 1.1. Conventional K-OMS-2REF had a BET surface area of 88 ± 1
m2/g while surface areas for K-OMS-2SC ranged from 115 ± 1 to 288 ± 1 m2/g.

(a)

(b)

!
Figure 1.6. N2 adsorption/desorption isotherms of (a) K-OMS-2SC and (b) K-OMS-2REF
materials.
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Table 1.1. BET surface area of as synthesized K-OMS-2SC samples.

K-OMS-2SC

BET s.a. ±

Particle

K-OMS-2SC

BET s.a. ±

Particle

Sample

1 (m2/g)

size (nm)

Sample

1 (m2/g)

size (nm)

4h

245

2.8

10% ACE-2 h

188

3.3

8h

115

6.1

10% ACE-3 h

199

2.7

12 h

118

5.4

10% THF-3 h

200

1.0

3 h-55ºC

267

2.4

10% DMSO-3 h

246

3.2

3 h-65ºC

177

6.6

10% DEE-3 h

250

2.2

10% SULF-3 h

286

4.2

10% TOLU-3 h

288

5.4

K-OMS-2 REF

88

11.4

THF: Tetrahydrofuran, DMSO: Dimethylsulfoxide, DEE: Diethyl ether,
ACE: Acetone, SULF – Sulfolane, TOLU: Toluene
Time dependent studies carried out at room temperature showed that surface
area decreased (from 245 ± 1 to 118 ± 1 m2/g) with increasing ultrasonic irradiation time
(4-12 h). A similar pattern was observed for temperature dependent studies as
temperature was raised from room temperature to 65°C; the surface area decreased
from 267 ± 1 to 177 ± 1 m2/g. Mixed aqueous and organic solvent system studies were
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done in order to identify a suitable co-solvent candidate for rapid synthesis of OMS-2
materials using sonochemical methods. Toluene (10% v/v) and acetone (10% v/v) gave
surface areas of 288 ± 1 and 199 ± 1 m2/g, respectively.
1.3.4. OMS-2 Phase Evolution and Morphology
A time-dependent study was done in order to understand the growth mechanism
and morphological changes during the synthesis of OMS-2 materials. This was done at
room temperature, and the reaction time ranged from 0 to 12 h. Figure 1.7 shows that
the XRD peaks widths decreased and intensity increased with increasing irradiation
time. On the other hand, a particle size of 2.8 nm was obtained after 4 h of irradiation
and increased to 6.1 nm at 8 h. Upon increasing the irradiation time to 12 h, the particle
size dropped to 5.4 nm. The crystalline cryptomelane phase (JCPDS No. 29-1020) was
formed within 4 h at room temperature.
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Figure 1.7. X-ray diffraction patterns from the time-dependent studies. Reaction
temperature was set at room temperature and reaction times varied from 0 to 12 h.
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Figure 1.8. X-ray diffraction patterns for the materials synthesized under no ultrasound
irradiation for 4h.
Experiments performed under similar conditions but no sonication for 4 h did not
give cryptomelane-type OMS-2 materials, Figure 1.8. Further characterization of the
materials obtained from the time-dependent study was performed using FESEM, which
is illustrated in Figure 1.9. Initial stages of the time study (from 0 min to 3 h) gave
spherical flower like material, which is amorphous manganese oxide (AMO).20
Increased sonication time up to 4 h caused the spherical flower-like morphology to
collapse into fibrous OMS-2 materials, as illustrated in Figure 8(f). Further increase in
sonication time from 4 to 8 h caused the fibers to grow in length as shown in
Figure 8(f)-8(g).
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(a)

(c)

(b)

500!nm

(e)0"

500!nm

(f)

min

500#nm

(d)

30#
min

500!nm

(g)

1"
hr

500!nm

500!nm

(h)

500!nm

2"
hrs

500!nm

Figure 1.9. FESEM images of OMS-2 obtained from time-dependent studies. (a) 0 min,
(b) 30 min, (c) 1 h, (d) 2 h, (e) 3 h, (f) 4 h, (g) 8 h (h) 12 h. Reaction conditions: room
temperature, aqueous solvent system.
Temperature-dependent studies were also done for further optimization of the
reaction conditions. In the temperature-dependent studies, reaction times were kept
constant at 3 h and the reaction temperatures were varied from RT to 65°C. No organic
co-solvents were used in these studies. As shown in Figure 9, the crystalline OMS-2
phase was not obtained at room temperature. However, at 55°C crystalline OMS-2
materials with broad and less intense XRD peaks were formed. When the temperature
was increased to 65°C, the intensity of the XRD peaks increased while the widths
decreased. On the other hand, the surface area decreased from 267 ± 1 to 117 ± 1
m2/g, while crystallite size increased from 2.4 to 6.6 nm upon increasing the
temperature from 55°C to 65°C as shown in Table 1.1.
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Figure 1.10. X-ray diffraction patterns from the temperature dependent studies.
Reaction time was fixed at 3 hours and temperature was varied from room temperature
to 65°C.

(a)!

(b)!

(c)!

0.48!nm!
d!(200)!
!
!

0.48!nm!
d!(200)!
!

!

!
!
Figure 1.11. TEM and HRTEM images of as synthesized OMS-2 materials after 12 h.
(a) Low magnification image showing morphology of short nano rods. (b) Nano fiber
showing lattice fringes of (200) plane. (c) Nano fiber showing defects and lattice fringes.
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Microstructure characterization of K-OMS-2SC using TEM, Figure 1.11(a),
showed typical fiber like morphology of the OMS-2 materials. This is in agreement with
the FESEM results. Fiber lengths ranged from 50 to 100 nm, while the diameter ranged
from 5 to 10 nm. HRTEM micrographs, shown in Figures 1.11(b) and 1.11(c), show
lattice fringes of 0.48 nm, which can be indexed to the (200) planes as reported in the
literature.5 Figure 1.11(c) also reveals that the OMS-2 fibers synthesized using
sonochemical method have defects in the outer boundary of the fiber. Black arrows in
the micrograph show defects on the fiber.
Further optimization of reaction time was done by using acetone as an additive.
Since the OMS-2 phase was obtained after 4 h, even without additive, an additive study
was only performed up to 3 h. As shown in Figure 1.12, the reaction time was reduced
by 50% when 10% of acetone was used as an additive. The XRD patterns shown in
Figure 1.12 emonstrate that OMS-2 materials were formed after 2 h.

!

22!

!

Figure 1.12. X-ray diffraction patterns for the optimization of the time with 10% acetone
as the co-solvent. Reaction time was varied from 1 to 3 h, while the temperature was
fixed at room temperature.
The influence of acetone concentration on the formation of OMS-2 was further
investigated as shown in Figure 1.13. In this study, the acetone percentage was varied
from 0% to 75% while time and temperature were fixed at 2 h and room temperature,
respectively. OMS-2 materials did not form in the absence of acetone. Nevertheless,
when 5 to 25% v/v acetone was added, a pure crystalline phase was obtained.
However, when 1% acetone was used, traces of impurity were observed, as was
observed by Opembe et al.,5 Conversely, a dramatic decrease in peak intensity was
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observed when the [acetone] was increased to 50%. Beyond 50%, no OMS-2 phase
was observed(see Figure 1.13).

Figure 1.13. X-ray diffraction patterns for the optimization of the percentage of acetone
as the co-solvent. Reaction time was fixed at 2 h and the temperature was fixed at room
temperature. While acetone percentage was varied from 0% to 75%.
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1.3.5. Catalysis
Selective oxidation of benzyl alcohol to benzaldehyde was carried out to
investigate the catalytic performance of the synthesized materials, and results are
summarized in Table 1.2. Catalytic tests were carried out in an open vessel batch
reactor under atmospheric conditions. Since no additional oxidants, such as peroxides,
were used, atmospheric air acted as the oxidant. In a typical reaction, a three-necked
round bottomed flask (50 mL) was charged with 50 mg of OMS-2 catalyst, 1 mmol of
benzyl alcohol, and 15 mL of toluene. The reaction mixture was stirred and refluxed in
an oil-bath at 110°C for 2 h under air. The catalytic activity of OMS-2 materials
synthesized using sonochemical methods was compared with K-OMS-2 prepared by
reflux methods and commercial MnO2. Selectivities for all the catalysts were 100%,
since benzaldehyde was the only product formed.

HO
50 mg Catalyst

O

15 mL Toluene
110ºC, 2h

Scheme 1.1. Selective oxidation of benzyl alcohol.
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Table 1.2. Manganese oxide catalyzed selective oxidation of benzyl alcohol.
BET s.a.

Conv.%b

Sel.%c

TONd

52 (28e)

100

8.32

1st recoveryf

36 (39h)

100

7.58

2nd recoveryg

18 (20h)

100

7.20

Catalyst

K-OMS-2SC-10%TOLU.

± 1(m2/g)
288

K-OMS-2SC-12h

118

39

100

6.24

K-OMS-2REF

88

21

100

3.36

Commercial MnO2

28

15

100

2.40

Reaction conditions: 50.0 mg of catalyst; 1 mmol of benzyl alcohol; t = 2 h and 15 mL of
toluene as solvent; T = 110°C. bConversion (%) based on benzyl alcohol.
Conversion (%) = [1 − ((concentration of substrate left after reaction) × (initial
concentration of substrate)−1)] ×100. cSelectivity based on benzaldehyde, no other
products were detected. dTON = [(molsubstr)(molcatalyst)−1], where molsubstr is the moles of
benzyl alcohol converted. eConversion in inert (N2) atmosphere. f1st recovery, mass of
the catalyst recovered was 38 mg. g2nd recovery, mass of the catalyst recovered was 20
mg. hCalculated conversion for fresh catalyst.
K-OMS-2 material synthesized by conventional reflux methods (S.A. 88 ± 1 m2/g)
and commercial MnO2 (S.A. 28 ± 1 m2/g) afforded 21 and 15% conversion, respectively.
On the other hand, K-OMS-2SC synthesized at 3 h of sonication with 10% toluene as co-
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solvent (S.A. 288 ± 1 m2/g) showed higher catalytic activity evidenced by 52%
conversion. In order to validate the effect of the oxidant, which was air in this case, the
reaction was run under an inert (N2) atmosphere in the presence of the catalyst. The
results are tabulated in Table 1.2. According to the results without air, the reaction gave
only 28% conversion. Also the blank experiment performed with air as an oxidant but in
the absence of catalyst, showed no conversion.
Catalyst reusability and stability were tested by recycling the spent catalyst in
consecutive runs. First, the spent catalyst was recovered by centrifuging the reaction
mixture; then, the used catalyst was washed with acetone and finally dried in an oven at
200ºC for 12 h. The regenerated catalyst showed no appreciable loss of activity(see
Table 1.2). Further, to check possible leaching of the catalyst the catalytic reaction was
run for 2 h, and the catalyst was removed by centrifugation followed by filtration and the
mixture was allowed to continue for an additional 24 h. However, no significant change
in conversion was observed, suggesting that no leaching of the catalyst was occurring
under the reaction conditions.
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1.4. Discussion
1.4.1.Morphology and Structural Comparison of K-OMS-2REF and K-OMS-2SC
The sonochemical syntheses of K-OMS-2 were conducted using an ultrasonic
bath. The syntheses were carried out using both aqueous and aqueous/non aqueous
mixed solvent systems in an open vessel system. Surface areas as high as 288 ± 1
m2/g and OMS-2 phase evolution within 2 h under non-thermal conditions and in the
presence of an organic additive were achieved. Figure 1.2 shows a comparison of XRD
patterns for K-OMS-2REF and K-OMS-2SC. K-OMS-2SC has significantly broad and less
intense peaks as compared to K-OMS-2REF, indicative of a poorly ordered OMS-2 phase
having small particle size. This correlates well with FESEM images Figure 1.3(a) and (b)
which show long fibers for K-OMS-2REF and short fibers with small diameter for K-OMS2SC. Calculated particle size for K-OMS-2REF was 11.4 nm, while K-OMS-2SC was 2.8
nm after 4 h of irradiation in the aqueous phase.
Although the K-OMS-2SC fibers have smaller lengths and diameters, TEM and HRTEM
images show well defined ordered lattice fringes, which further confirm the crystallinity
of the material. The defects on the outer boundaries of the fibers(Figure 1.11(c)) could
be due to damage done by the extreme localized hot spots generated during the
acoustic cavitation.22,23,33 In addition, the defects might also be due to asymmetric
bubble collapse happening on the fibers thereby creating micro-jets which create
deformities on the fiber surface.34
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1.4.2. Structure and Stability
The FT-IR spectra for K-OMS-2REF and K-OMS-2SC are shown in Figure 1.4. Both
materials have IR bands in similar positions as reported in the literature.1,3,35 The
vibrations from 400-800 cm-1 are due to the Mn-O framework. Peak broadening
observed for K-OMS-2SC in that region may be due to imperfections or defects in the
crystals.37 FT-IR bands ~ 1619 cm-1 are generally due to water molecules in the tunnels,
and the band at ~3413 cm-1 is assigned to surface hydroxyl groups.35 Since K-OMS-2SC
has smaller particle size and higher surface area than K-OMS-2REF, more water
molecules could be absorbed on the surface of K-OMS-2SC and the tunnels, which
explains the increased intensity of the 1619 and 3413 cm-1 peaks. FT-IR results also
agree with the TGA results, as illustrated in Figure 1.5, where the characteristic three
major weight losses for OMS-2 materials were observed. The first weight loss between
50-200°C is due to physisorbed water, while the 400-600°C weight loss is attributed to
chemisorbed water and surface adsorbed oxygen molecules, and the loss at 700800 °C is due to release of lattice oxygen.1 The weight losses of K-OMS-2SC are larger
than K-OMS-2REF due to greater adsorbed water molecules.
The nitrogen sorption hysteresis showed that K-OMS-2SC is porous and at low
P/P0 where the monolayer process occurs, K-OMS-2SC has a rapid increase in volume
adsorbed while conventional K-OMS-2REF had a gradual increase. This may be due to
microporosity and defects of the material. The micropores get filled by capillary action,
which gives rise to a large adsorbed volume at low relative pressure. When there are
defects on the surface, the coordinatively unsaturated high energy sites can also attract
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adsorbate molecules, which also cause a rapid increase in volume adsorbed at low
relative pressures.38
1.4.3. Crystallization of OMS-2 Phase
Time and temperature are very important parameters in crystal growth and phase
purity of the final product. Therefore both time and temperature dependent studies were
carried out in order to understand the mechanism of crystal growth. The time dependent
study shown in Figure 1.7 suggests that the growth of K-OMS-2SC is originating from a
poorly ordered phase. In addition, FESEM images shown in Figure 1.8 show that early
stages (from 0 min to 3 h) of the crystallization yield spherical flower-like material, which
is AMO.20 Increased sonication time up to 4 h causes a fibrous urchin like morphology
to evolve from the flowers, which was the K-OMS-2, phase as confirmed by XRD data
shown in Figure 1.7. Further increase in sonication time from 4-8 h causes the fibers to
grow in length as shown in Figure 1.8(f)-(g). Therefore, the growth of fibers follows a
nucleation-flake-fiber mechanism.20 XRD patterns show broad low intense peaks
indicative of smaller crystallite sizes where the average crystallite size was 2.8 nm for
the K-OMS-2SC sample with 4 h sonication time. Brunauer-Emmett-Teller (BET) surface
area of KOMS-2SC synthesized after 4 h sonication was 245 ± 1 m2/g, which was much
higher than that of the regular reflux method, which was 88 ± 1 m2/g. When sonication
time was increased to 8 h (Figure 1.7), the XRD peaks get sharper due to a larger
particle size where average calculated particle size was 6.1 nm. FESEM images also
showed growth of crystals from 4-8 h, BET surface area then decreased to 115 ± 1
m2/g. Finally, no significant difference in XRD peaks was observed when sonication
time was increased to 12 h. However, the BET surface area was slightly increased to
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118 ± 1 m2/g, and also particle size decreased to 5.4 nm. This may be due to
sonofragmentation34 of K-OMS-2 fibers. Overexposure of materials to ultrasonic
irradiation breaks fibers due to the shock waves generated during cavitation.
Using a co-solvent system, reaction time was further reduced. The boiling point
of the co-solvent was identified as one of the essential factors governing the number of
cavitation events in the mixture, hence the sonication effect.39 Acetone was identified as
a low boiling solvent which would enhance the cavitation and increase hot spot
formation.40 Addition of 10% acetone reduce the reaction time to 2 h, which was a 50%
decrease compared to when only water was used as a solvent. Further influence of
acetone concentration in sonication was studied using different amounts of acetone in
the reaction mixture. Figure 1.13 shows with 5-25% acetone that pure K-OMS-2 phase
was obtained. However, with 1% acetone traces of impurity were observed that could
be γ-MnO2; similar behavior was observed by Opembe et al.,5 with microwave synthesis
of K-OMS-2. Higher than 50% acetone did not result in the OMS-2 phase. This could be
due to a phenomenon called “cushioning” 40 during cavitation. An Increased acetone
fraction caused an increase of vapor pressure of the mixture, and so the vapor easily
fills the bubbles during cavitation. When these bubbles collapse they may not deliver
enough energy to initiate nucleation, and therefore the K-OMS-2 phase was not formed.
Acetone is an excellent co-solvent that remarkably reduces the reaction time.
Many co-solvents were studied as potential candidates for the rapid synthesis of OMS-2
materials. However, when acetone, with low boiling point (56ºC) was used as cosolvent, pure K-OMS-2 phase was observed. Cyclohexane, having a boiling point of
81ºC was not able to produce pure OMS-2 phase. This could be due to a collective
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effect of solvent parameters such as vapor pressure, boiling point density, polarity, and
viscosity on the cavitation. Cavitation determines how much solvent can vaporize into
the bubble and when such bubbles collapse how much energy can be delivered.39,40
1.4.4. Catalytic Performance.
The as synthesized K-OMS-2 materials using ultrasonic cavitation showed an improved
catalytic activity towards selective oxidation of benzyl alcohol to benzaldehyde. Catalytic
activity follows the specific surface area, a similar trend as that reported in the
literature.41 Surface defects play a crucial role in catalysis as well as in other material
sciences. In catalysis, defects have been shown to act as active sites during the
reaction,42,43 thereby giving higher conversions. The good catalytic activity shown by KOMS-2SC is thus suggested to be partly due to the presence of surface defects44 shown
by the TEM micrograph in Figure 1.11(c). These defects are oxygen vacancies;
substrates can be adsorbed, be activated and then desorbed.45,46 This occurs via a
Mars-van Krevelen mechanism.7,45,46 In addition, diffusion and particle size play an
important role in catalysis. Small particle size could offer more active sites, and reactant
molecules could access or diffuse to these active sites more effectively during
catalysis.47-49 Since particle size of K-OMS-2SC is significantly smaller than that of
K-OMS-2REF this could be another reason for K-OMS-2SC to show higher catalytic
activity than K-OMS-2REF. When air was replaced with nitrogen, the conversion
decreased to 28%. This could be primarily due to adsorbed oxygen on the surface.46
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1.5.

Conclusion

Cryptomelane type manganese octahedral molecular sieves (OMS-2), were
rapidly prepared via sonochemical methods. Pure cyptomelane phase was obtained
without further synthetic steps at ambient temperature and pressure. OMS-2 materials
synthesized via the method herein reported, had a markedly high surface area
(288 ± 1 m2/g), as compared to previously reported OMS-2 materials prepared without
doping. Compared to reflux methods (88 ± 1 m2/g), the surface area has increased
three times. The reaction time was reduced by 50% by using co-solvent systems. The
advantages of this ultrasonic route over conventional methods include a direct
synthesis, rapid experiments, non-thermal activation, high surface area, environmentally
benign, low cost, and higher surface defects. Materials synthesized by the reported
technique showed excellent catalytic activity in the selective oxidation of benzyl alcohol
to benzaldehyde. A higher conversion was obtained as compared to conventional
K-OMS-2 materials synthesized via reflux conditions and commercial MnO2. The
novelty of this work is in the utilization of aqueous and non-aqueous co-solvent systems
to significantly increase the surface area and decrease reaction times. This technique
could also be extended to morphology, particle size control, and surface modification of
metal-doped OMS-2 syntheses which are currently under investigation in our laboratory.
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CHAPTER II. MANGANESE OXIDE OCTAHEDRAL MOLECULAR SIEVES (OMS-2)
CATALYZED SELECTIVE AEROBIC OXIDATION OF THIOLS TO DISULFIDES.
2.1. Introduction
!
Oxidation of thiols to the corresponding disulfides is an important class of
reactions, due to the various important aspects of disulfide bonds, for instance in
organic synthesis as an intermediate,1-3 in biology as a structural feature which
maintains the integrity of many biomolecules,1,4-6 in vulcanization of rubber and
elastomers,7,8 and also in the petroleum industry7-9 via removal of thiols by converting
thiols to disulfides.9 Oxidation of thiols to sulfur products that can be removed from
petroleum products has become an important process. Thiols pose serious
environmental, economical, and health concerns as acid rain and poisoning of catalytic
converters.10
Many processes and catalysts have been developed for the removal of thiols
from petroleum products. The most commonly used process in the petroleum industry is
the Merox process.8,9,11 However, use of aqueous NaOH in the Merox process causes
problems by generating caustic waste as a byproduct.9 If not properly disposed, this
caustic waste can be extremely harmful to the environment. Many studies have been
done to oxidize thiols; however, these catalytic routes suffer from overoxidation.1-5,8 The
high reactivity and weakness of S-S bonds cause overoxidation of disulfides to other
products such as sulfinates, sulfoxides, sulfonates, and sulfonic acids.1,8,12 Control of
product selectivity or selective oxidation has attracted a great deal of interest due to
many advantages of the process, such as minimal waste, less workup, short reaction
time, and low cost and energy. Due to those attractive aspects of selective oxidation
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process, an exponentially growing literature in this area has developed over time. Many
catalysts have been reported in the literature for the selective oxidation of thiols. These
catalysts are based on gold,13 rhenium,12 chromium,7 lead,10 cerium,6 vanadium,14
aluminum15 halogen complexes,16,17 Mn complexes,18 K3PO4,4 metal oxide frameworks,1
benzyltriphenylphosphoniumperoxy monosulfate,2 Ni nanoparticles,5 Co-Fe composites,
8

ZrO2,

9

and NaI/H2O2.3 These catalytic routes require stoichiometric amounts of

catalysts, expensive catalysts, high temperatures, long reaction times, generate
undesirable toxic waste products, need complicated workup steps to remove the waste,
and use complex catalysts, which are homogeneous and therefore have recyclability
problems when considering industrial practice. Some of these catalysts also required
strong oxidizing agents such as peroxides and high partial pressures of oxygen, which
are hazardous reagents in transportation, storage, and handling.3,8,14 Thus it is desirable
to develop a heterogeneous catalytic process, which is highly selective, environmentally
benign, less expensive, and consumes air as an oxidant.
Herein we developed a catalytic process for the oxidation of thiols using
manganese oxide octahedral molecular sieve (OMS). These materials have high
porosity and various different pore structures. Among them, cryptomelane (OMS-2) has
gained a good reputation in red-ox catalysis. These materials have been synthesized in
our laboratory, and the characterizations are well documented.19-26 The composition of
cryptomelane (K-OMS-2) materials is KMn8O16.nH2O, and they have tunnel-type
structures consisting of 2 x 2 edge shared MnO6 octahedra27,

28

(Figure 2.1). The

tunnels have dimensions of 4.6 Aº x 4.6 Aº. Potentiometric titrations have revealed
average oxidation state of OMS-2 to be ~ 3.8, which is due to the presence of Mn+2,
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Mn+3, and Mn+4 ions in the octahedral framework.28 These materials have been used for
many catalytic transformations, such as styrene epoxidation,29 cyclohexane oxidation,30
oxidation of tetraline,31 oxidation of 2,3,6-trimethylphenol (TMP),32 oxidation of
alcohols,33 decomposition of dyes, 34 and also photo catalytic oxidation of 2-propanol.35
The objective of this work was to develop an economical, environmentally
benign, heterogeneous, and highly selective catalytic process. Utilizing K-OMS-2 as a
catalyst, which is much cheaper than noble metal catalysts, and is less toxic than
chromium, lead, or aluminum. In addition, air was used as an oxidant, which is greener
than peroxides and cost effective than pure oxygen. Excellent conversion and selectivity
towards disulfide was achieved, even at room temperature, and the process was also
heterogeneous.
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Mn
K
Mn-O Octahedra

Figure 2.1. Tunnel type crystal structure of OMS-2 with 2 x 2 edge shared MnO6
octahedra (gray) and K+ (red) in the center of the tunnel as the counter ion. Tunnels
have dimensions of 4.6 Å x 4.6 Å.
2.2. Experimental
2.2.1. Materials
Thiophenol and all the other thiol substrates were purchased from Sigma
Adrich. Potassium permanganate, KMnO4 and manganese(II) sulfate monohydrate ,
MnSO4·H2O were purchased from Sigma-Aldrich. Nitric acid 70% (HNO3) was
purchased from Alfa Aesar. The solvents used in this work were purchased from
commercial sources. All reagents were purchased from Aldrich and used as received,
unless otherwise indicated.
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2.2.2. Catalyst Preparation
2.2.2.1. K-OMS-2REF
K-OMS-2REF was prepared by conventional reflux methods reported in the
literature.30 A potassium permanganate solution (0.4 M, 225 mL) was prepared in
distilled deionized water (DDW) and manganese sulfate hydrate solution (1.75 M,
67.5 mL) was also prepared in DDW with 6.8 mL of concentrated nitric acid. Then the
potassium permanganate solution was added to the manganese sulfate solution
dropwise under vigorous stirring. Finally, the dark brown slurry was refluxed for 24 h,
then filtered and washed with deionized water until the filtrate was neutral. The catalyst
was dried at 120°C overnight before use.
2.2.2.2. K-OMS-2SF
Preparation of K-OMS-2SF was carried out using a solvent free method as
follows;19 a mixture of potassium permanganate 9.84 g and manganese acetate
tetrahydrate 22.05 g were ground until being homogeneous in an agate mortar, the
powder was then placed in a glass vial which was heated up to 80ºC for 4 hours. A
black powder was obtained and was washed with deionized water and dried over night
at 80 ºC.
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2.2.2.3. K-OMS-2HY
A hydrothermal method23 was employed for the synthesis of K-OMS-2
materials.

Potassium

sulfate,

potassium

persulfate,

and

manganese

sulfate

monohydrate in the molar ratio of 3:3:2 (totaling 32 mmol) were dissolved in 70 mL of
DDW. The reaction mixture was then transferred into a 125 mL hydrothermal reactor
vessel and kept in an oven at 250 ºC for 4 days. The resulting slurry was washed with
deionized water and dried at 120 ºC overnight.
2.2.2.4. K-OMS-2MWREF
A microwave assisted synthetic route

21

was used to prepare K-OMS-2MWREF.

Potassium permanganate, 6.65 g was dissolved in 100 mL of DDW and was added
dropwise to a solution containing 9.90 g of manganese sulfate monohydrate and 3.4 mL
of concentrated nitric acid in 33 mL of DDW. The mixture was stirred for 15 min, and
then 15 mL of dimethylsulfoxide solution was added to make 10% (v/v). The resulting
brown slurry in a 250 mL three necked round bottom flask fitted with a reflux condenser
and a fiber optic temperature probe was then placed in a CEM Mars 5 microwave
accelerated reaction system. Microwave power was set to 300 W, and the temperature
was set to 100ºC reaction was carried out for 90 minutes. The dark brown slurry was
filtered and washed until the filtrate was neutral and at last dried overnight at 120ºC.
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2.2.3. Catalyst Characterization
2.2.3.1. X-Ray Powder Diffraction Studies
X-ray diffraction studies were carried out for the samples prepared to confirm
the structure and phase purity using a Rigaku Ultima IV diffractometer with Cu Kα
radiation (λ = 0.15406 nm). A beam voltage of 40 kV and beam current of 44 mA in a
continuous scan mode with a scanning rate of 2.0 deg s-1 in the 2θ range from 5° to 70º
was used. The phases were identified using The International Center for Diffraction
Data (ICDD) database.
2.2.3.2. Scanning Electron Microscopy
The morphologies of the materials were studied using a Zeiss DSM 982 Gemini
emission scanning microscope equipped with a Schottky Emitter at an accelerating
voltage of 2 kV having a beam current of 1 µA. The samples were dispersed in ethanol,
then were coated on a silicon wafer and kept under vacuum overnight to dry prior to
analysis.
2.2.3.3. Transmission Electron Microscopy (TEM)
The micromorphology was studied by using transmission electron microscopy
(TEM) and high resolution transmission electron microscopy (HR-TEM). TEM and HRTEM studies were done with a JEOL 2010 UHR FasTEM operating at an accelerating
voltage of 200 kV and equipped with an energy dispersive X-ray analysis (EDS) system.
The sample preparation was done by suspending the material in 2-propanol, and then a
drop of the suspension was placed onto a carbon-coated copper grid and allowed to
dry.
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2.2.3.4. Fourier Transformation Infra Red (FT-IR) Spectroscopy
Fourier transformation infra red (FT-IR) spectra were obtained, using a
Thermo-Scientific Nicolet FT-IR Model 8700 (in the range 4000-400 cm-1) equipped with
a DTGS detector. The dark brown manganese oxide powders were ground with dry KBr
at a ratio of 1:100 and then pressed into self supporting pellets at about 10 000 psi.
2.2.3.5. Thermo Gravimetric Analysis (TGA) and N2 Sorption Studies
Thermal stability studies of the materials were carried out by thermogravimetric
analysis (TGA) using a Hi-Res TA instrument Model 2950. The temperature ramp for
TGA was 20 deg/min in nitrogen atmosphere. The nitrogen sorption experiments were
carried out using a Quantachrome Autosorb iQ2 surface area system. All samples were
degassed at 150°C for 12 h before the analysis. Determination of specific surface area
was done using the Brunauer−Emmett−Teller (BET) method.

2.2.4. Catalytic Performance
Reactions were carried out in a 50 mL three neck round bottom flask equipped
with a reflux condenser, where one port served as a sampling port and the other was
sealed during the course of the reaction. In a typical reaction, thiol (2 mmol) was added
to the solvent (10 mL) and the catalyst (50 mg) was added to a batch reactor open to air
and the mixture was stirred using a magnetic stirrer. Aliquots were withdrawn from the
reactor at time intervals and the identification of the reaction products and also the
quantitative analyses were performed by GC-MS, using a HP 5971 mass selective
detector coupled to a HP 5890 Series II gas chromatograph with a thermal conductivity
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detector (TCD) through an Agilent DB-17MS (17% polar cross-linked methyl siloxane)
column with dimensions of 20 m × 0.18 mm × 0.18 µm.
In order to test the recyclability of the catalyst, the reaction mixture was
centrifuged and catalyst was separated after the reaction. Then the spent catalyst was
washed with acetone and then dried at 200°C for 12 h. Then the regenerated catalyst
was charged to a new reaction mixture as described above
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2.3. Results
2.3.1. Morphology and Phase Evolution of K-OMS-2
X-Ray diffraction studies of K-OMS-2 synthesized using different synthetic
techniques are shown in Figure 2.2. All patterns agree with natural tetragonal
cryptomelane with ICDD card number 29-1020, having a chemical composition of
KMn8O16. However the peak intensity drastically decreased from K-OMS-2HY to K-OMS2SF. The peak broadening could also be seen in the K-OMS-2

SF

sample. FESEM was

used to study the morphology of synthesized K-OMS-2 materials shown in Figure 2.3.
All the materials show needle like morphology, characteristic of OMS-2 materials.
However, the particle sizes of the materials are significantly different. OMS-2 prepared
by solvent free method has very short fiber lengths while OMS-2 synthesized by
hydrothermal method had long fibers. Further microstructure characterization of
K-OMS-2 materials was done using TEM. As shown in Figure 2.4 (a), all K-OMS-2
materials had a typical fiber like morphology, which is in agreement with FESEM results.
HRTEM micrographs shown in Figures 2.4(b) show lattice fringes of 0.67 nm, which can
be indexed to the (110) planes as reported in the literature.25
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Figure 2.2. XRD patterns of K-OMS-2 materials. synthesized using different methods.
Hydrothermal (OMS-2HY), reflux (OMS-2REF), microwave reflux (OMS-2

MWREF),

and

solvent free (OMS-2 SF).

(a)!

(b)!

(c)!

(d)!

Figure 2.3. FE-SEM images of different types of K-OMS-2. (a) K-OMS-2SF, (b)
K-OMS-2MW, (c) K-OMS-2REF, (d) K-OMS-2HY.
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(a)$

(b)$

0.67!nm!
d!(110)!

Figure 2.4. TEM and HRTEM images of K-OMS-2 materials. (a) Rod like morphology
of K-OMS-2 at low magnification (TEM). (b) Lattice fringes of (110) planes at high
magnification (HRTEM).
2.3.2. Structure, Stability, and N2 Sorption Studies
As synthesized K-OMS-2 materials were further characterized using FT-IR.
Figure 2.5 shows the typical IR spectra of K-OMS-2 materials. All materials show
characteristic IR bands, ~400-800, ~1619, and ~3413 cm-1 as reported in the
literature.24,35,36 Furthermore, thermal stability of K-OMS-2 was studied using TGA.
Figure 2.6 shows that three characteristic weight loss bands19,21,37 ~ 50-100, 550-650,
and 700-800°C were observed for all K-OMS-2 materials. N2 sorption studies for all
synthesized K-OMS-2 materials show type II adsorption isotherms,21,38 which is shown
in Figure 2.7.
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Figure 2.5. Typical FT-IR spectrum of K-OMS-2 materials.
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Figure 2.6. Thermal gravimetric analysis of as synthesized K-OMS-2REF materials.
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Figure 2.7. N2 adsorption/desorption isotherms of K-OMS-2 materials.
The catalyst was recovered after the reaction and the spent catalyst could be
regenerated. Figure 2.8 shows the XRD patterns of fresh and spent catalyst. No
significant structural changes were observed. The regenerated catalyst was utilized in a
separate reaction and the result is tabulated in Table 2.1, entry 1.1. The conversion for
spent catalyst (35%) was nearly equal to the calculated conversion (37%) of the fresh
catalyst.
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Figure 2.8. XRD patterns of fresh catalyst (before reaction), and spent catalyst (after
reaction).
2.3.3. Effect of Substrate
Aromatic and aliphatic thiol substrates, with different substituents attached,
were studied for aerobic oxidation to corresponding disulfides. Table 2.1 summarizes
the results, which show that aromatic thiols, those with methyl groups (Table 2.1, entries
2 and 3) attached, gave complete conversion as compared to 61% conversion of
thiophenol (Table 2.1, entry 1) where no additional groups are attached. Further
substrates like 3-bromothiophenol and 4-chlorothiophenol gave 84 and 98%
conversions, respectively (Table 2.1, Entries 4 and 5). For aliphatic thiols a lower
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conversion was obtained, as the carbon chain gets longer (Table 2.1, Entry 6 and 7).
Hexane thiol with C6 chains gave 56% conversion while dodecane thiol with C12 chain
gave only 18% conversion. However, in both cases 100% selectivity was observed
towards the corresponding disulfide.
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Table 2.1. Selective aerobic oxidation of thiols to disulfides using K-OMS-2.

Entry

a

Substrate

Conv.%

b

Sel.%

SH
1

1.1

Recovered catalyst (30 mg)

61

100

35 (37c)

100

100

100

100

100

84

100

98

100

SH
2

SH
3

4

SH

Br

SH
5

Cl
6
7

4

SH

56

100

10

SH

18

100

Reaction conditions: 50.0 mg of catalyst; 2 mmol of thiol; t = 30 min and 10 mL of
acetonitrile as solvent; T = 100°C. aConversion (%) is calculated based on thiol.
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Conversion (%) based on substrate = [1 − ((concentration of thiol after reaction) ×
(concentration of thiol before reaction)−1)] ×100. bSelectivity based on disulfide, no other
products were detected. cCorresponding conversion with fresh catalyst.

2.3.4. Effect of Catalyst Amount
The effect of catalyst amount on the aerobic oxidation of thiophenol was
studied. Catalyst amount was varied from 0 to 400 mg while keeping all other
parameters the same. Figure 2.9 shows that an increase of catalyst amount, increases
the conversion. When no catalyst was used, the reaction did not proceed. Even after
24 h no conversion was obtained.

Conversion %

100
75
50
25
0
0

25

50
100
Catalyst amount (mg)

160

400

Figure 2.9. Effect of catalyst amount. Reaction conditions: 2 mmol of thiophenol, 10 mL
of acetonitrile as solvent, room temperature, and time 10 min.
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2.3.5. Effect of Catalyst Surface Area
The aerobic oxidation of thiol was carried out using K-OMS-2 catalyst
synthesized using different synthetic techniques; solvent free (K-OMS-2SF, surface
area 155 ± 1 m2/g), microwave reflux (K-OMS-2MWREF, surface area 148 ± 1 m2/g),
conventional reflux (K-OMS-2REF, surface area 96 ± 1 m2/g) and, hydrothermal
(K-OMS-2HY, surface area 44 ± 1 m2/g). The reaction was carried out in a batch
reactor in an oil bath and the same conditions were used for all the reactions. The
reaction was 100% selective towards the corresponding disulfide. According to the
results summarized in Figure 2.10, catalysts prepared by solvent free methods with
the highest surface area gave the highest conversion (100%), while catalysts prepared
by hydrothermal techniques with the lowest surface area yield the lowest conversion
(18%). Selectivity was 100% for all the catalysts used.
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Figure 2.10. Effect of surface area of catalyst on the reaction.
Reaction conditions: 50.0 mg of K-OMS-2R catalyst, 2 mmol of Thiophenol, 10
mL of acetonitrile as solvent , room temperature , and time 1 h.
2.3.6. Effect of Solvent
The effect of solvents having different polarity was investigated on the aerobic
oxidation of thiols as shown in Figure 2.11. A non-polar solvent n-hexane gives 100%
conversion and acetonitrile which is a polar solvent gave only 32% conversion.
Selectivity was 100% for all the different solvents.
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(3.92)

Figure 2.11. Effect of solvent polarity on the reaction. DCM-Dichloromethane,
ACN- Acetonitrile. Reaction conditions: 50.0 mg of K-OMS-2R catalyst, 2 mmol of
Thiophenol, 10 mL of solvent, room temperature, and time 30 min
2.3.7. Temperatures and Heterogeneity of Reaction
The effect of temperature on reaction was studied and results are shown in
Figure 2.12. Temperature of the reaction was varied from room temperature to 100°C.
Reaction was carried out for 24 h at room temperature and 50°C in order to obtain 76
and 88% conversions, respectively. When the temperature was increased to 70°C and
100°C complete conversion was obtained within 5 h and 2 h, respectively. The
heterogeneity of the reaction was tested by filtering off the catalyst after 30 min and
allows the reaction mixture to run for 24 h. The conversion did not change appreciably
even after 24 h without the catalyst.
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Figure 2.12. Temperature and heterogeniety study for oxidation of thiol.
Reaction conditions: 50.0 mg of K-OMS-2R catalyst, 2 mmol of Thiophenol,
10 mL of solvent.
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2.4. Discussion
2.4.1. Structure and Stability of K-OMS-2 Catalysts
Selective aerobic oxidation of thiols was carried out using manganese
oxide octahedral molecular sieve catalysts. Different synthetic techniques were
used to control the particle size and surface area of the catalysts. Figure 2.2
shows the XRD patterns of all the materials synthesized. K-OMS-2HY materials
have narrow and intense XRD peaks as compared to K-OMS-2SF indicative of
large crystallite sizes for K-OMS-2HY and smaller crystallite sizes for K-OMS-2SF.
These results are in agreement with FESEM data shown in Figure 2.3. The
particle size increases in the order of K-OMS-2SF, K-OMS-2MWREF, K-OMS-2REF,
and K-OMS-2HY materials. Figure 2.4 shows a TEM micrograph with a typical
fiber like morphology and HRTEM with well-defined lattice fringes correspond to
(110) lattice planes of K-OMS-2 materials as reported in the literature. 25 Further
characterization of the catalysts was done using FT-IR shown in Figure 2.5.
Typical FT-IR spectra for K-OMS-2 materials as reported in the literature were
observed.21,33,36
The MnO framework showed vibrational bands from 400-800 cm-1 and
the IR band at ~ 1619 cm-1 is due to water molecules in the tunnels. The band at
~ 3413 cm-1 is due to surface hydroxyl groups.36 TGA analysis was done on the
catalysts in order to study the thermal stability. Three major characteristic weight
losses for OMS-2 materials were observed.21,33,38 The first weight loss peak
between 50-100°C could be attributed to physisorbed water, and the 550-650°C
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weight loss is due to chemisorbed water and surface adsorbed oxygen
molecules. The loss at 700-800°C is due to release of lattice oxygen.21,36
2.4.2 Effect of Substrates
The K-OMS-2 catalyzed selective aerobic oxidation of different thiol
substrates was studied (Table 2.1). Aromatic thiols having methyl groups showed
a higher conversion (Table 2.1, entries 2 and 3) than thiophenol where no methyl
groups are attached to benzene rings, (Table 2.1, entry 1). This could be due to
the electron donating ability of the methyl groups. Thiophenols with a halide (Br
or Cl) attached gave 84% and 98% conversions respectively, which are lower
than 100% when methyl groups are attached (Table 2.1, entries 2 and 3) and
higher than 61% with thiophenol (Table 2.1, entries 1) where no group is
attached. The reason for this observation could be due to both mild ring
deactivation and the electron donating character of halides. Conversion for
aliphatic thiols decreased when the carbon chain length increased. This may be
due to the steric effects of the long carbon chain showing lower conversion
(Table 2.1, entries 6 and 7), a trend previously observed in the literature.1,14
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2.4.3. Catalyst Activity and Solvent Effect
According to the results summarized in Figure 2.9, an increase in the
amount of catalyst causes a consequent increase in the conversion. This could
be due to a mass transfer effect; more catalyst could offer more reactive sites for
the same amount of substrate. However the reaction did not proceed without
catalyst, which means the reaction is indeed catalytic. Effect of surface area of
the catalyst was also studied. When the surface area of the catalyst increased
the conversion also was increased. This also could be due to mass transfer
effects, since higher surface area could offer more active sites for the reaction to
occur. From the FESEM images and BET surface area data, when the surface
area of the catalyst increased the particle size also decreases. Therefore smaller
particle size could also play a role in catalysis such as the ease of substrate
molecules being able to diffuse to the active sites.39
Hexane, toluene, dichloromethane, and acetonitrile were evaluated as
solvents for the reaction and the non-polar solvent n-hexane gave complete
conversion, while acetonitrile with the highest polarity (3.92) among all the
solvents studied gave the lowest conversion (32%). This could be because of
competitive binding of high polar solvent molecules to the active sites of
K-OMS-2 catalysts, which inhibits thiol binding.40
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2.4.4. Temperature and Heterogeneity
According to the results shown in Figure 2.12 higher temperatures favor
the oxidation of thiols and the rate of the reaction was higher at high
temperatures. Investigation of heterogeneity of the catalyst on the reaction was
done by filtering off the catalyst after 30 min and allowing the reaction mixture to
continue for 24 h. There was no appreciable increase in the conversion when the
catalyst was removed.
2.5. Conclusion
Herein we report a highly active, less expensive, and environmentally
benign process for the aerobic oxidation of thiols under mild and alkaline free
conditions. The process was 100% selective for disulfides. The reaction was truly
catalytic and heterogeneous. By altering the solvent and catalyst amount,
complete conversion with 100% selectivity at ambient temperature was obtained.
Catalyst did not leach during the reaction and could be recovered in the active
form after the reaction without significant structural changes. The simplicity of the
operation and no caustic waste byproduct generation are attractive aspects of
this novel process and potentially could be used for large-scale industrial
applications.
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CHAPTER III.

FACILE

MICROWAVE-ASSISTED

REFLUX

AND

HYDROTHERMAL SYNTHESIS OF CERIA NANOPARTICLES
AND THEIR CATALYTIC ACTIVITY IN TRANSAMIDATION
UNDER SOLVENT FREE CONDITIONS
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3.1. Introduction
Cerium oxide is one of the most important rare earth oxides, which has

attracted growing interest due to its wide applications in the fields of optics,1,2
magnetism,1

catalysis,1,3

environmental

science,4-6

and

chemical

power

sources.1,2,5,7 Since the unique properties of ceria such as, high temperature
stability, oxygen mobility, and high UV absorption depend highly on structure,
morphology and particle size, syntheses of CeO2 have been subjected to intense
research.6,8,9 Various synthesis methods have been used to control the
morphologies and microstructures of cerium oxides. Hydrothermal reactions have
been widely conducted to synthesize nano-sized ceria.3,6,9-13 Reflux conditions
and room temperature syntheses were performed to control the particle size of
ceria.13 High temperature calcinations were used to prepare ceria nanomaterials
with various morphologies by controlling the types of precursors.14-16 Spray
deposition and electrochemical processes were also used to prepare ceria
films.17,18 For the above mentioned conventional methods, high temperatures,
complex synthetic steps, and relatively long times are required. In most cases the

!

74!

!

synthesis is followed by calcination in order to transfer the initial as synthesized
amorphous product to crystalline cubic CeO2 structure.
In contrast, as one of the less conventional methods, microwave-assisted
synthesis, could offer an alternative and intriguing strategy for generating
nanostructures in terms of material diversity, cost, throughput, and the potential
for high-volume production due to the significant reduction in reaction time,
environmental impact, and formation of homogeneous products.19-23 Microwave
heating has gained much attention as a tool for sustainable chemistry in recent
years.24,25 Microwave heating has been used mostly in organic synthesis,
materials science, and the pharmaceutical industry. Process optimization to
reduce energy consumed is a key factor when considering the environmental,
and economic factors in a world where the demand for energy is growing
exponentially.23,26 Highly attractive features of microwave heating such as rapid,
selective, and more homogeneous temperatures throughout the medium, made
microwave heating highly popular not only in the scientific literature but also in
industrial and household applications.19,20,27 Microwaves could offer a much
greener means of heating compared to convection heating by consuming less
power.26,28 During convectional heating the medium is heated through convection
of heat waves from the outer surface of the reaction vessel to the inner surface
and then to the reactants. Throughout this process an enormous amount of
energy is lost, on the other hand microwave heating takes place through
dielectric heating, which is an inherent property of the particular substance.21,29
During microwave heating, the microwaves directly interact with the molecules
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via the dipole moment and selectively heat the reactant. The microwave
transparent reaction vessel would not be heated so the energy loss as heat is
minimal in microwave heating.26 Since the heating occurs at the molecular level
the medium is homogeneous in terms of temperature. However microwave “Hot
spot” generation could take place during heating.21,29
Amide bonds are one of the most important functional groups in nature
that connect amino acid building blocks to generate proteins. Amides are also
found as the active ingredient in many drugs (Lipitor, Lisinopril, Valsartan,
Vyvanse), pesticides (Furadan, Sevin), and polymers (Nylon, Kevlar).30-33 A
typical synthesis of amide bonds involves the reaction between carboxylic acid
and amines. However, this reaction is not a spontaneous reaction and requires
stoichiometric amounts of activating agents or high heat.30,31 Transamidation
could be used as an alternative and effective route to synthesize amides,
however, the extreme stability of the amide bond prevents the use of
transamidation. This reaction is a highly atom efficient and green reaction that
could be used in large scale industries.30,34 Due to this issue, catalytic
transamidation has been studied for many years. Several catalytic processes
were reported in the literature. Eldred et al., has reported a successful catalytic
route using several metal complexes such as Sc(OTf)3, Ti(NMe2)4, and
Al2(NMe2)6.33 Allen et al., reported a homogeneous acid catalyzed route including
acids such as nitric acid, hydrochloric acid salts, hydroxylamine sulfate,
ammonium chloride, and hydroxylamine hydrochloride.30 Other catalysts that
have been used in the past are Cu(OAc)2,32 AlCl3,35 Hf, Zr, Sm, Li, and Al
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coordination complexes.36 However, these methods had common issues such as
long reaction times (16-20 h), the catalysts could not be recovered after the
reaction, and use stoichiometric amounts of reagents. Though there are many
homogeneous catalytic routes reported in the literature for transamidation, there
are a handful of heterogeneous catalytic pathways. For instance, polymer
supported HfCl4/Kaolinite,37 and metal oxides38 have been used. Though these
heterogeneous catalytic systems can be recycled without a significant loss of
activity; they suffer from long reaction times, use of stoichiometric amounts of
reagents; occur at high reaction temperatures; involve pre treatment of catalyst,
and use of solvents, which generates unnecessary waste. With the increasing
concerns of sustainable and environmentally benign processes in the modern
world, development of catalytic procedures in which both catalytic syntheses and
reactions occur in mild, recyclable, and waste-less conditions are highly desirable
and requires more research. Ceria was also used in many gas phase reactions3943

and liquid phase catalysis of CeO2 needs to be further explored in order to

expand the versatility of ceria as a catalyst.
The objective of this study is to synthesize cerium oxide materials by two
different microwave assisted techniques, specifically microwave assisted reflux
(CeO2MWREF) and microwave assisted hydrothermal (CeO2MWHT), and study the
catalytic activity of the catalysts. In this work, nano-sized ceria materials were
synthesized using a red-ox reaction between Ce(CH3COO)3 and (NH4)2S2O8 by
microwave-assisted reflux and hydrothermal techniques at 100ºC for 30 min.
Crystalline product was obtained without further processing such as high
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temperature calcination, and the as synthesized catalysts were employed in a
solvent

free

transamidation

reaction

for

their

catalytic

activity.

CeO2

nanomaterials were characterized using X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and BET
surface area measurements. The process developed for synthesis of the catalyst
is mild, fast, economically desired, and no further processing is required. On the
other hand catalysis consumes less time, no solvent was used, catalysts could
be easily recovered after the reaction without loss of activity, and excellent
conversions and selectivity can be obtained.

Figure 3.1. Crystal structure for CeO2 Ce atoms are shown in beige and oxygen
are red.
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3.2. Experimental Section
3.2.1 Materials.
Cerium acetate hydrate (Ce(CH3COO)3·xH2O), ammonium peroxydisulfide
((NH4)2S2O8), potassium bromide (KBr), barium sulfate (BaSO4), acetamide, and
all the amines used in this study were purchased from Sigma-Aldrich. All the
reagents were used as obtained unless otherwise noted.
3.2.2. Catalyst preparation
3.2.2.1. CeO2 MWREF
Microwave-assisted

reflux

reaction

was

carried

out

as

follows.

Ce(CH3COO)3·xH2O (3.170 g) and (NH4)2S2O8·H2O (1.200 g) were mixed and
dissolved in 100 mL of distilled deionized water (DDW) in a 250 mL roundbottomed flask, which was placed in a multimode CEM MARS 5 Microwave
Chamber fitted with a reflux condenser and a Teflon coated magnetic stirrer21. A
fiber-optic temperature measuring probe was directly inserted into the reaction
system by using a Saphire thermowell. The microwave power was set to 300 W
but fluctuated in order to maintain the input temperature value of 100 ± 2°C with
a ramp rate of 20ºC min-1 and a holding time of 30 min. The resulting faint yellow
precipitate was filtered and washed with DDW and anhydrous ethanol several
times to remove any possible impurities.
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3.2.2.2. CeO2 MWHT
Microwave-assisted hydrothermal reaction was carried out according to
the

following

procedure:

0.317

g

Ce(CH3COO)3·xH2O

and

0.120

g

(NH4)2S2O8·H2O were mixed and dissolved in 10 mL DDW in a 20 mL reactor vial
and then sealed. The apparatus was equipped with a magnetic stirrer. The
reactions were carried out in a Biotage Initiator microwave synthesizer20, which
was programmed to heat up to 100ºC with a holding time of 30 min. All the
synthesized products were washed with DDW and anhydrous ethanol, and dried
in an oven at 80ºC for 12 h.

3.2.3. Catalyst Characterization
3.2.3.1. X-Ray Powder Diffraction Studies
Structure and phase purity of as synthesized catalyst were studied by means of
X-ray diffraction using a Rigaku Ultima IV diffractometer with Cu Kα radiation
(λ = 0.15406 nm). Beam voltage was 40 kV and beam current was 44 mA.
Continuous scan mode with a scanning rate of 2.0 deg/min in the 2θ range from
5° to 70º was used for the analysis. The phases identified using the International
Center for Diffraction Data (ICDD) database. The XRD patterns of samples were
collected on a glass holder. Determination of particle sizes of the CeO2 materials
was done using the Debye-Scherer equation.
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3.2.3.2. Scanning Electron Microscopy (SEM)
A Zeiss DSM 982 Gemini emission scanning microscope equipped with a
Schottky Emitter at an accelerating voltage of 2 kV having a beam current of
1 µA was used for the analysis of the morphologies of the materials synthesized.
The samples were dispersed in ethanol then dispersed on a silicon wafer and
kept under vacuum for overnight to dry before the analysis.
3.2.3.3. Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) and high resolution transmission
electron microscopy (HRTEM) studies were done with a JEOL 2010 UHR
FasTEM operating at an accelerating voltage of 200 kV and equipped with an
energy dispersive X-ray analysis (EDS) system. The sample preparation was
done by suspending the material in 2-propanol, and then a drop of the
suspension was placed onto a carbon-coated copper grid and allowed to dry.
3.2.3.4. Fourier Transformation Infra Red (FT-IR) Spectroscopy
Fourier transformation infrared spectroscopic analysis was done using a
Thermo-Scientific Nicolet FT-IR Model 8700 (in the range 4000-400 cm-1) with a
DTGS detector. Self-supporting pellets were prepared by grinding CeO2 with dry
KBr at a ratio of 1:100 and then pressed at about 10 000 psi.
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3.2.3.5. Diffuse Reflectance Ultraviolet Visible (DR-UV/Vis)
spectroscopy
DR-UV/Vis spectroscopic data was collected using a Shimadzu UV-2450
spectrophotometer. Samples were diluted in BaSO4 (50 mg sample: 4 g BaSO4).
Data collection was done in the range of 200-800 nm, with a resolution of 1 nm.
3.2.3.5. N2 Sorption Studies
The nitrogen sorption experiments were done using a Quantachrome
Autosorb iQ2 surface area system. Prior to the experiments all samples were
degassed at 150°C for 12 h. The Brunauer−Emmett−Teller (BET) method was
used to determine the specific surface area of samples
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3.2.4. Catalytic Reactions
Reaction was carried out in a 50 mL three neck round bottom flask
equipped with a reflux condenser, where one port served as a sampling port and
the other was sealed during the course of the reaction. In a typical reaction,
acetamide (2.5 mmol), n-octylamine (5 mmol), and CeO2 catalyst (25 mg) were
added to the reaction vessel fitted with a condenser. The system was finally
purged with N2 and the mixture was stirred using a magnetic stirrer at an
appropriate temperature. Aliquots were withdrawn from the reactor at different
time intervals, after which the product was filtered using a syringe filter and
analyzed. Gas chromatography-mass spectrometry was used to identify and
quantify the products. Product analysis was performed using an Agilent 5975
series GCMSD equipped with a HP-1 (nonpolar cross-linked methyl siloxane)
column with dimensions of 12.5 m × 0.2 mm × 0.33 µm.
Catalyst recyclability was studied by separating and reusing the catalyst in
a new reaction. For this, the reaction mixture was centrifuged and catalyst was
separated. Then this used catalyst was washed with acetone and dried at 120ºC
overnight. Finally, the spent catalyst was used in a new batch reaction as
described previously.
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3.3. Results
Microwave-assisted reflux and hydrothermal reactions were carried out
using 0.1 M Ce(CH3COO)3 and 0.0525 M (NH4)2S2O8 aqueous solutions at
100oC for 30 min. X-ray powder diffraction was used to study the phase purity of
the obtained cerium oxides. The XRD pattern shows four major peaks at 2θ
angles, 28.6°, 32.8°, 47.5°, and 56.3° as shown in Figure 1. Pure CeO2 (ICDD01-075-7752) phase was obtained without any impurities in both reaction
systems.

Figure 3.2. XRD patterns of the products synthesized by microwave-assisted
reflux reaction and hydrothermal reaction before and after transamidation
reaction.
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The average crystallite sizes (d) of the samples were calculated using
Scherrer’s equation, d = K λ/β cos θ,44 where λ is the wavelength of the X-ray
radiation, which was 1.54 Å for the diffractometer used, K is a constant taken as
0.9, θ is the diffraction angle in radians, and β is the full-width at half-maximum
(FWHM) from the reflections of planes. The morphology of as synthesized CeO2
MWREF

and CeO2 MWHT samples were analyzed by FESEM. In both hydrothermal

and reflux methods, the ceria nanoparticles were formed and aggregated into
spherical shapes, Figure 3.3. Materials prepared using hydrothermal methods
showed spherical morphology with aggregates in uniform size and shape,
Figure 3.3(b), as compared to reflux methods. In the reflux method aggregates
span over a large distribution of diameters, Figure 3.3(a). The nano-sized ceria
samples were further characterized by TEM as shown in Figure 3.4, spherical
aggregates consisted of crystallites of ~4.0 nm in size for both products. Both
materials showed lattice fringes with d spacings of 0.31 and 0.27 nm in the
HRTEM images as shown in Figure 3.4.a,b.
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(b)!

(a)!

500$nm$

500$nm$$$$
!

Figure 3.3. Typical SEM images of (a) CeO2 MWREF and (b) CeO2 MWHT.
(b)

(a)
0.31$nm$
(111)$$$
0.27 nm
(200)

0.27 nm
(200)
0.31 nm
(111)

Figure 3.4. HR-TEM images show lattice fringes for (111) and (200) planes of (a)
CeO2 MWREF and (b) CeO2 MWHT.
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Figure 3.5. Nitrogen adsorption-desorption isothermal curves of (a) CeO2 MWREF
and (b) CeO2 MWHT.
Nitrogen sorption measurements were conducted to determine the specific
surface areas of the as obtained CeO2

MWREF

and CeO2

MWHT,

using the

Brunauer–Emmett–Teller (BET) methods, Figure 3.5. Results show that the
materials synthesized using reflux methods have a higher adsorption of nitrogen
per gram at low pressure as compared to the materials synthesized using
hydrothermal techniques. Results also show the specific surface areas are 55.3
and 34.2 m2 g-1, for CeO2 MWREF and CeO2 MWHT, respectively.
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Figure 3.6. Fourier Transformation Infra-Red (FT-IR) spectra for cerium oxide
materials synthesized using microwave assisted hydrothermal and reflux
methods.
Figure 3.6 shows the FT-IR spectra of both CeO2 materials synthesized by
microwave assisted hydrothermal and reflux methods. Both materials show six
major bands at 3500, 3120,1620, 1400, 486, and a set of bands in the range of
1000-1200 cm-1. Intensities of bands centered at 1620 and 1400 cm-1 were
similar for both materials. However, bands at 3500, 3120, and 486 cm-1 were
higher in intensity for CeO2

MWHT

than that of CeO2

MWHT.

Typical diffuse

reflectance UV-Vis spectra were observed for both materials according to the
literature, Figure 3.7.45-48 A major band was observed and centered at ~ 350 cm-1
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while a shoulder feature at ~ 225-250 cm-1 was also observed and this feature
was more prominent in CeO2 MWREF than CeO2 MWHT.

Figure 3.7. Diffuse reflectance UV-Vis spectra for cerium oxide materials
synthesized using microwave assisted hydrothermal and reflux methods.
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In the kinetic study, the consumption of acetamide was studied in the
presence of excess n-octylamine. The reaction was carried out in a three-neck
batch reactor at 150°C. Aliquots from the reaction mixture were withdrawn at
regular intervals. The rate expression for the reaction is,
Rate = k [Acetamide ]a[n-Octylamine]b ………………(1)
Where a and b are the order of reaction with respect to acetamide,
n-Octylamine respectively, and k is the rate constant. Also the rate could be
expressed as the consumption of acetamide,
Rate = -d[ Acetamide]/dt………………………………(2)
Combining expressions (1) and (2) gives rise to
-d[ Acetamide ]/dt = k [Acetamide]a[n-Octylamine]b ..(3)
Since [n-Octylamine] is in excess the expression (4) can be rearranged to,
-d[ Acetamide ]/dt = k’ [Acetamide]a………………….(4)
Where k’ = k [n-Octylamine]b
If the reaction is first order with respect to acetamide, (a = 1) then the
solution for expression (4), from the initial concentration at initial time to the final
concentration at the final time t, can be written as
ln [Acetamide] =-k’ t + C……………………………….(5)
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A plot of ln[Acetamide] vs. time (t) gave a linear relationship, concluding a
pseudo-first-order dependence on acetamide as shown in Figure 3.8. The slope
of the curve was used to estimate k’ which is the pseudo rate constant for the
reaction. The pseudo first order rate when CeO2

MWREF

was used as a catalyst

(k = 1.3 x 10-3 s-1) was 1.8 times higher than when CeO2

MWHT

was used

(k = 7 x 10-4 s-1).

CeO 2 , 25 mg
150 oC , N2

O
NH2
2.5 mmol

+

H2N

O
N
H

5 mmol

+

NH3

!!CeO2 MWREF k= 1.3 X 10-3 Sec
CeO2 MWHT k= 0.7 X 10-3 Sec

Figure 3.8. Pseudo first order kinetics of cerium oxide catalyzed transamidation
under solvent free conditions.
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Recyclability of the catalyst was studied by using the spent catalyst in a
new reaction. The catalyst was separated with a centrifuge at 7500 rpm for 10
minutes. Then the materials were washed with acetone and dried at 120°C for
12 h. During the recovery some of the catalysts were lost. After the first cycle
21 mg of CeO2

MWREF

Recovered CeO2

catalyst was recovered and used in a successive reaction.

MWREF

catalyst (21 mg), gave 79% conversion after the first

recycle, which was only a 4% decrease of conversion from the same amount of
fresh catalyst (82%). During the second recycle of the same catalyst, 18 mg was
recovered, and the conversion was 68%, which was only a 3% decrease from the
same amount of fresh catalyst. A recyclability study of CeO2

MWHT

catalyst

showed a 3% decrease during first recycle as compared to the fresh catalyst, the
amount recovered after first use was 22 mg and the spent catalyst gave 85%
conversion. After the first recycle, amount recovered was 16 mg, which was used
in a second recycle. After the second recycle the spent catalyst gave 60%
conversion, which was 5% decrease of conversion from the same amount of
fresh catalyst (63%).
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Table 3.1. Recyclability of CeO2 catalyst in transamidation of acetamide and noctylamine.

Catalyst

Average

Surface

Crystallite

area

Reuse 1

a

size (Å)

m2 g-1

Conv.%

b

Reuse 2

Sel.%

a

Conv.%

b

Sel.%

CeO2 MWREF

29.5

55.3

78(81c)

100

66(69d)

99

CeO2 MWHY

30.0

34.2

85(87e)

100

60(63f)

100

Reaction conditions: 25.0 mg of catalyst; 2.5 mmol of acetamide, 5.0 mmol of
n-octylamine, at 120°C for 2 h. aConversion (%) based on acetamide. Conversion
(%) = [(1 - concentration of acetamide left after reaction) × (initial concentration of
acetamide)−1)] × 100. bSelectivity is based on N-octylethanamide.

c,d

Calculated

conversion for fresh CeO2 MWREF catalyst for the recovered spent catalyst amount,
21 and 18 mg from cycle 1 and cycle 2, respectively.

e,f

Calculated conversion for

fresh CeO2 MWHT catalyst for the recovered spent catalyst amount, 22 and 16 mg
from cycle 1 and cycle 2, respectively.
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A substrate study was carried out using different aliphatic and aromatic
amines with electron donating and electron withdrawing groups attached. The
results showed both catalysts were active for this reaction and showed excellent
conversions up to 99%. However, the selectivity was decreased when
4-methoxybenzylamine and 4-chlorobenzylamine were used as substrates, as
compared to benzylamine and alkyl amines.
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Table 3.2. Cerium oxide catalyzed transamidation of different amines with
acetamide under solvent free conditions.
O
NH2

+

R-NH2

CeO2, 25 mg

O
N
H

Solvent Free
2h, N2

Substrate

R +

NH3

120°C

150°C

Catalyst
a

!

Conv.%

Sel.%

CeO2 MWREF

94

CeO2 MWHT

a

Conv.%

Sel.%

97

99

98

95

92

95

83

CeO2 MWREF

98

30

99

74

CeO2 MWHT

99

13

99

61

CeO2 MWREF

99

87

99

96

CeO2 MWHT

98

53

99

80

CeO2 MWREF

65

100

80

100

CeO2 MWHT

60

100

70

100

CeO2 MWREF

98

100

99

100

CeO2 MWHT

99

100

99

100

95!
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Reaction conditions: 25.0 mg of catalyst; 2.5 mmol of acetamide, 5.0 mmol of
amine, at 120°C for 2h. aConversion (%) based on acetamide. Conversion (%) =
[(1 – concentration of acetamide left after reaction) × (initial concentration of
acetamide) −1)] × 100.

R1
NH

R

Ce O Ce

O
R1
NH

R

R
δ+

O

O

Ce O Ce

Ce O Ce

R NH2
δ+
O

NH3

H

Ce O Ce

R
H
O

NH2

Ce

H

H
H
N

R
H
H

H
H
N

O

Ce

N
H R1

(a)

H N
H

R

H
H
R

N

R

+ NH3

(b)

Scheme 3.1. Proposed mechanism for cerium oxide catalyzed transamidation
under solvent free conditions.
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3.4. Discussion
X-ray diffraction analysis of as synthesized CeO2 materials showed that
the obtained phase was pure and agreed with ICDD card no 01-075-7752,
Figure 3.2. The synthesized cerium oxides were denoted as CeO2
microwave-assisted

reflux

and

CeO2

MWHT

when,

MWREF

microwave

when

assisted

hydrothermal techniques were used. The powder XRD pattern showed major
peaks at 2θ angles, 28.33°, 32.85°, 47.18°, and 56.01° which are indexed to the
(111), (200), (220), and (311) planes of cubic CeO2 having fluorite structure
(space group Fm3m) and lattice parameters, a = b = c = 5.446 Å.47,49 A possible
formation mechanism for CeO2 is described as follows, when Ce3+ was oxidized
to Ce4+ by S2O82-, Ce(OH)22+ or Ce(OH)4 was subsequently formed.9,14,50,51
CH3COO-(aq) + H2O(aq) → CH3COOH(aq) + HO-(aq)

(1)

2Ce3+(aq) + 4OH-(aq) + S2O82-(aq) → 2Ce(OH)22+(aq) + 2SO42-(aq)

(2)

Ce(OH)22+(aq) + 2OH-(aq) → CeO2 (s) + 2H2O(aq)

(3)

Hydroxyl (OH-) ions were produced from the hydrolysis reaction of
CH3COO-, and drives reaction (2) and (3) proceed toward the right, and
eventually CeO2 was formed. The crystallite size was calculated using Sherrer’s
equation, the average crystallite size for CeO2 MWREF and CeO2 MWHT were 29.5
and 30.0 Å, respectively. Both catalysts showed spherical morphology, the
spheres consisted of well crystallized crystals.
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FESEM analysis for the morphology showed a difference between the two
materials, Figure 3.3. CeO2 synthesized using reflux methods showed uneven
distribution of aggregate size, while materials synthesized using microwave
assisted hydrothermal techniques showed homogeneous aggregates in the
range of 200-500 nm. Conversely the reflux method showed aggregates in the
50-500 nm range. This was likely due to use of pressure (1.2 bar) and stable
temperatures that facilitated the uniform aggregation of nanoparticles.52
Figure 3.4 shows HRTEM images for both materials that both agreed well with
(111) and (200) planes of ceria.48 Surface area was measured using nitrogen
sorption; results are shown in Figure 3.5.
According to the results the specific surface areas are 55.3 and
34.2 m2 g-1, for CeO2

MWREF

and CeO2

MWHT

respectively, which were comparable

to, or even larger than, those obtained by multi-step hydrothermal methods8 ,
room-temperature synthesis13 , or hydrothermal decomposition reactions.53
Structural analysis was done using FT-IR and DR UV-VIS. The results are shown
in Figures 3.6 and 3.7, respectively. According to the FT-IR, the bands centered
at 3500 and 3210 cm-1 could be assigned to O-H groups on the surface and the
band at 1620 is the H-O-H bending mode.45,48 The band at 1400 cm-1 is due to NH groups originating from surface adsorbed NH4+.45 The absorption bands at ~
1000-1200 cm-1 are due to C-O stretching,54 and the band center at 486 cm-1 is
attributed to the asymmetric stretching of surface Ce–O–Ce groups.54 Low
intensity and broadness of the absorption bands in this region represents a
poorly formed defective surface in CeO2
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MWREF.

These surface sites act as
!

adsorption sites, which agrees with nitrogen sorption measurements in which a
higher adsorption was observed for CeO2 MWREF catalysts at low pressure when
monolayer coverage occurs.
Figure 3.7 shows diffuse reflectance spectra of cerium oxide catalysts.
Both catalysts show typical absorption bands as reported in the literature.45,46,56 A
strong absorption band at 350 cm-1 in the UV region is due to the charge transfer
transitions from O 2p to Ce 4f bonds, which exceeds the f-f spin- orbit splitting of
the CeO2.45,46,53 The broad feature at ~ 225 cm-1 originates from Ce3+ to O charge
transfer on the surface.46 According to the literature, smaller crystallite sizes
(~ 3-4 nm) facilitate the coexistence of Ce4+ and Ce3+ on the surface of ceria.45,56
Therefore, the intensity differences in this band, could be due the presence of
more Ce3+ in CeO2 synthesized using reflux methods. This mixed valency in the
surface is currently under investigation.
Figure 3.8 shows the kinetics of the catalytic transamidation reaction using
CeO2 MWREF and CeO2 MWHT materials. Both materials followed pseudo first order
kinetics. However, CeO2

MWREF

showed a higher rate compared to CeO2

MWHT.

This could be due to the higher surface area and smaller aggregates that
facilitate the mass transfer and surface defects, which act as adsorption sites for
the reactant substrates under solvent free conditions, and the surface mixed
valency also may play a significant role. Catalyst recyclability was studied by
using the spent catalyst in a successive reaction. Table 3.1 highlights the results.
Both catalysts show excellent recyclability without appreciable loss of activity and
according to the result shown in Figure 3.2 there was no major structural change.
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A substrate study for the transamidation under solvent free conditions is
tabulated in Table 3.2. Both catalysts gave excellent conversions up to 99%.
However, due to a competitive self dehydrogenative oxidation of amines, as
shown in Scheme 3.1(b), which yields the corresponding imine, selectivity was
limited in the case where 4-methoxybenzylamine and 4-chlorobenzylamine were
used as substrates, as compared to benzylamine and alkyl amines. This was a
trend seen in the literature for dehydrogenative oxidation of amines, where
electron donating groups promote the reaction.57
Since

the

methoxy

group

is

an

electron

donating

group,

the

transamidation reaction was overrun by the dehydrogenative oxidation of amine
diminishing the selectivity towards the transamidation reaction. Scheme 1 shows
a proposed mechanism for the transamidation under solvent free conditions.
Here we propose a mechanism, in which co-adsorption of reactants involved in
the reaction, amide and amine, occurs on the surface of ceria. A nucleophilic
attack from the excess amine happens as the second step onto the activated
carbonyl carbon atom in the amide to yield the desired product, Scheme 3.1(a).
In addition to this amine transfer process the nuceophilic attack could happen on
the adsorbed amine and generate the imine product.
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3.5. Conclusions
In summary, we report the preparation and characterization of nano-sized
ceria by microwave-assisted reflux (CeO2
(CeO2

MWHT).

MWREF)

and hydrothermal reactions

Ceria particles of about 4.0 nm in size were aggregated into

spherical morphologies. The aggregates of ceria nanoparticles fabricated in the
reflux system were smaller than those in hydrothermal reactions. The specific
surface areas (55.3 m2 g-1) and higher surface defects were observed in CeO2
MWREF

which lead to higher rates in catalytic transamidation reactions under

solvent free conditions. In the present work, catalyst synthesis was done under
mild conditions and crystalline product was obtained without further processing.
The catalysis was also done under solvent free conditions with excellent
conversions and selectivities up to 100% being obtained. The catalyst was also
able to be recovered after the reaction with no appreciable loss of activity. Hence
the process developed here is desirable in many areas including environmental,
economical, and sustainable processing.
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APPENDIX I: FUTURE WORK

SYNTHESIS
The first part of this thesis describes a novel synthetic technique for the
synthesis of manganese oxide octahedral molecular sieves (OMS-2). Materials
with very high surface area, ultrafine particle size, and an urchin like morphology
were obtained without any structure directing agents. Catalytic activity of these
as synthesized materials outperformed the OMS-2 synthesized by conventional
reflux method and the commercial MnO2 materials. An extension of this
sonochemical synthetic process towards the framework doping of OMS-2 could
be explored for the synthesis of materials with novel properties. Both single site
and multiple doping could be explored.
CATALYSIS
1. OMS-2 catalyzed 2-aminobenzothiazole synthesis.
2-aminobenzothiazole core is an essential fragment show extraordinary
biological activity which is found in many pharmaceuticals and agrochemicals.
Many efforts continue to pay on the development of new 2-aminobenzothiazole
structures and new methods for their constructions. OMS-2 as a reputed catalyst
for tandem reactions, C-N, C-C bond formation, and also the preliminary results
suggests, OMS-2 can be used as a heterogeneous catalysts for the tandem
synthesis of 2-aminobenzothiazole.
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Figure A. 1.1. OMS-2 catalyzed 2-aminobenzothiazole synthesis.
2. Total oxidation of naphthalene using OMS-2 as a catalyst.
Polycyclic aromatic hydrocarbons (PAHs) are a type of volatile organic
compound (VOC) formed during combustion of a wide range of hydrocarbons
and fossil fuels. When released to atmosphere these PAHs are highly toxic and
carcinogenic to humans and animal. Hence total oxidation of these PAHs to less
toxic CO2 is extremely important in terms of environmental and health. The
oxidation activity of OMS-2 as already shown in literature in many instances
could be utilized in oxidation of PAHs such as naphthalene.
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